We studied the photodynamics of the different-sized colloidal cubic SiC nanocrystals in distinct polar and nonpolar solvents. The UV-visible absorption spectral study indicates that the SiC nanocrystals with an average size of 4 nm retain an indirect energy gap; whereas the smaller quantum dots about 1 nm in size exhibit discrete and sharp absorption features indicating their discrete energy levels and the result agrees well with theoretical results. The colloidal SiC nanocrystals exhibit triple-exponential photoluminescence decay with nanosecond-order lifetimes which show slight size-dependence.
We studied the photodynamics of the different-sized colloidal cubic SiC nanocrystals in distinct polar and nonpolar solvents. The UV-visible absorption spectral study indicates that the SiC nanocrystals with an average size of 4 nm retain an indirect energy gap; whereas the smaller quantum dots about 1 nm in size exhibit discrete and sharp absorption features indicating their discrete energy levels and the result agrees well with theoretical results. The colloidal SiC nanocrystals exhibit triple-exponential photoluminescence decay with nanosecond-order lifetimes which show slight size-dependence. © 2010 American Institute of Physics. ͓doi:10.1063/1.3518062͔
Silicon carbide is the most promising material for hightemperature, high-power, and high-frequency electronic devices. However, like silicon, silicon carbide is an inefficient light emitter due to its indirect bandgap and this characteristic hampers its wide applications in luminescence areas. The rise of nanoscience brings new hopes by the finding that as the size of an indirect semiconductor crystallite diminishes to be close to or below its bulk exciton Bohr diameter, the quantum yield will be substantially improved by several orders of magnitude. 1 Meantime, the emission wavelength will continuously shift to blue with decreasing size. These two virtues offer indirect quantum dots great promise as microlight sources. However, unlike other indirect quantum dots, little knowledge has been accumulated on the optical properties of the SiC nanocrystals, especially in strong confinement regime with sizes of a few nanometers. 2, 3 This is due to the difficulty of fabricating ultrasmall and highly crystalline SiC nanoparticles and to their complex surface structures. Recently, great breakthroughs have been made in the synthesis of free-standing SiC nanocrystals that possess dimensions smaller than 10 nm. [4] [5] [6] [7] [8] [9] The fabricated colloidal cubic SiC nanocrystals exhibit strong robust photoluminescence with tunable wavelengths that follow the quantum confinement effect. 4, 5 Considering their superior characteristics such as high chemical and thermal stability and excellent biocompatibility, 10 these SiC nanocrystals will find wide applications in photonics and biological areas such as bioimaging. [11] [12] [13] In this study, we investigated the excitation and recombination properties of different-sized colloidal cubic SiC nanocrystals achieved through dispersion in different solvents with distinct polarities. Our result indicates that the indirect-gap nature is retained by the SiC nanocrystals with a mean size of 4 nm whereas the particles about 1 nm in size exhibit discrete sharp absorption features. The time-resolved photoluminescence of the SiC nanocrystals exhibits a tripleexponential decay law with three nanosecond-order lifetimes and shows slight dependence on particle dimension.
The SiC nanocrystals were fabricated via an electrochemical anodization method. 4 First, an n-type polycrystalline cubic SiC wafer was electrochemically etched in a HFethanol solution ͑HF: C 2 H 5 OH=2:1͒ at a current density of 30 mA/ cm 2 under UV-assistance for 60 min. Subsequently, the anodized SiC wafer underwent ultrasonic treatment by transferring it into the de-ionized water and where the porous layer crumbled into small dispersed particles. After 2 h of rest of the solution the very large irregular particles precipitated and were filtered out. The remaining uniform solution contains nearly spherical SiC nanocrystals with an approximate normal size distribution centered at about 4 nm as demonstrated from transmission electron microscopy observation. 4, 11 By use of similar processes, we obtained n-heptane and dichloromethane solutions of the cubic SiC nanocrystals. The UV-visible ͑UV-vis͒ absorption spectra were acquired on an Agilent 8453 spectrophotometer UV-AG-1 ͑Palo Alto, USA͒. The steady-state/time-resolved photoluminescence spectra were measured on a Fluorolog3-TCSPC spectrofluorometer ͑Edison, USA͒ with a Xe lamp and a pulsed-laser diode ͑280 nm, pulse duration Ͻ1 ns͒ as the light sources. All measurements were performed at room temperature.
The UV-vis absorption spectrum contains much information about the excitation dynamics and the distribution of the energy levels in the SiC nanocrystals. Previous investigations have revealed that some indirect semiconductor nanocrystals still retain the indirect-gap nature.
14 On the other hand, theoretical calculations show that as the size of an indirect quantum dot diminishes from tens of nanometers to below one nanometer, the energy-level distribution will transform from bulklike quasicontinuous to molecularlike discrete. 15 However, these aspects of information concerning SiC nanocrystals is lacking experimentally and can be clarified by analyzing the absorption spectrum. Figure 1͑a͒ shows the square root of the absorbance of the SiC nanocrystals in the aqueous solution obtained from two typical samples. It can be seen that the lower-energy side of the curves exhibits a linear a͒ Authors to whom correspondence should be addressed. Electronic addresses: jyfan@seu.edu.cn and paul.chu@cityu.edu.hk.
relationship characteristic of the absorbance of an indirectgap semiconductor,
Here ␣ is the absorbance, h is the photon energy, E g is the energy gap, and A is a constant. The contributions to the absorption induced by excitons and phonons are neglected. The linear fits of the absorption spectra by use of this relation are presented in Fig. 1 and their extrapolation yields an energy gap of 2.78 and 2.63 eV, as well as a constant A of 0.45 and 0.26, respectively. The gaps approach the calculated exciton energy gap of a 4 nm quantum dot ͑2.69 eV͒. 17 Note that the long tail on the lowest-energy side of the absorption spectrum which gradually approaches the bulk bandgap 18 is ascribed to absorption of the larger particles with sizes beyond strong confinement regime. There may be other indirect or direct gaps at higher energies but they are hard to be undoubtedly identified through analysis of the spectrum.
The SiC nanocrystals in n-heptane exhibit a distinct absorption spectrum ͑Fig. 2͒ characteristic of the absorption of very small quantum dots. The absorption intensity is much lower than that of the SiC nanocrystals in the aqueous solution. Pure n-heptane exhibits no absorption in this range hence this spectrum is resulted from the colloidal SiC nanocrystals. The infrared spectroscopy indicates that the colloidal SiC nanocrystals posses oxygen-terminated polar surfaces. This agrees well with their high and stable solubility in the aqueous solutions. In contrast, n-heptane is a nonpolar solvent and SiC particles have rather low solubility in it; as a result, only the smallest SiC particles can be steadily dispersed in n-heptane. The transmission electron microscopy has revealed the existence of the SiC crystallites with sizes close to or below 1 nm. 4, 11 These ultrasmall quantum dots are expected to have discrete energy levels thus will exhibit discrete absorption features. 15 A recent ab initio calculation derives the absorption spectra of hydrogenated SiC nanocrystals with reconstructed or nonreconstructed surfaces. 19 Comparison between our measured and those calculated spectra shows that the experimental spectrum resembles the calculated spectrum for a Si 2 ϫ 1 reconstructed 1.4 nm diameter SiC nanocrystal. The calculated spectrum has three peaks and the higher-energy peak has larger intensity. In addition, the lowest-energy peak is smooth while the other two are sharp double peaks. The measured spectrum shows exactly similar features, with a strongest double peak at 5.66/ 5.71 eV, a second strongest peak at 4.79/4.92 eV, and a weaker smooth peak at 4.55 eV. The onset appears at 4.15 eV, a value greater than the onset of the calculated spectrum ͑4.09 eV͒, suggesting that the dispersed SiC nanocrystals in n-heptane should have a mean size below 1.4 nm. The surfaces of the colloidal SiC nanocrystals are oxygenterminated while hydrogen-termination was assumed in the calculation. Such a difference in surface has negligible influence on the energy gap but it affects the shapes of the absorption spectra 20 and this explains the difference in shapes between measured and calculated spectra. In contrast, our measured spectrum shows distinct differences from the calculated spectrum of an unreconstructed 1.5 nm diameter SiC nanocrystal. The latter comprises a single rather than double strongest peak as well as another sharp strong peak at 4.1 eV which is absent in the measured spectrum. The SiC nanocrystals in dichloromethane exhibit a smoother absorption spectrum ͑Fig. 2͒. The strongest double peak appears at higher values of 6.14 and 6.23 eV and the onset arises at a lower value of 3.33 eV. Its lowest-energy peak and the second strongest peak overlap to generate a wide smooth band between 4.00-5.34 eV. These features indicate that this spectrum is a superimposed one by some composing spectra. The absorption intensity is much lower than that of the SiC nanocrystals in the aqueous solution but higher than that in n-heptane. This is caused by the higher solubility of the SiC nanocrystals in dichloromethane than in n-heptane because of the larger polarity of the former. In accordance, the dispersed SiC nanocrystals in dichloromethane have a wider size distribution than in n-heptane and thus they induce a superimposed absorption spectrum. Note that scattering can sometimes affect the measurement of the absorption spectrum. The currently studied SiC nanocrystal solutions are all uniform and visibly transparent hence the scattering effect can be negligible. However, for the solutions containing SiC nanocrystals with sizes ranging from tens of nanometers to many micrometers, the scattering effect is very remarkable and no correct absorption spectra can be achieved.
The recombination process can be much more complex than the excitation process and the associated information can be achieved via time-resolved photoluminescence spectroscopy. Figure 3 displays the time-resolved photoluminescence spectra of the different-sized colloidal SiC nanocrystals in different solvents. Each spectrum can be well fitted by triple-exponentials with three nanosecond-order lifetimes as indicated in the caption and the standard deviations for the lifetimes are about 1%. These lifetimes are nearly two orders of magnitude smaller than that of the exciton recombination in bulk SiC at low temperature. 21 The triple-exponential decay law suggests that multiple energy levels may be involved in the radiative recombination. Previous study shows that the SiC film which contains SiC particles tens of nanometers in size fabricated via chemical vapor deposition method exhibits double-exponential photoluminescence decay with lifetimes of 0.2 and 1 ns. 22 The photoluminescence was supposed to stem from transitions of surface self-trapped excitons. In contrast, the photoluminescence of the colloidal SiC nanocrystals originates from interband transitions that obey the quantum confinement effect. 4 The measurement shows that different-sized SiC nanocrystals that are dispersed in different solvents show variations in lifetimes and fractional integrated intensity ͑Fig. 3͒. However, the sizedependence of the constants is unremarkable and each lifetime remains to be on the same order of magnitude among different-sized particles. This result indicates that when the size of the SiC crystallites diminishes from bulk to nanometer scale, the photoluminescence lifetimes are substantially reduced; but when they are located within the strong confinement regime, the size-dependence becomes weak.
In summary, we have studied the excitation and recombination dynamics in the colloidal cubic SiC nanocrystals with distinct dimensions. It was found that the nanocrystals with a mean size of 4 nm retain the indirect-gap nature whereas the particles about 1 nm in size display discrete and sharp absorption features. The SiC nanocrystals show triple-exponential photoluminescence decay with three nanosecond-order lifetimes and this fast decay dynamics explains their high quantum yield. The lifetimes show slight dependence on size in strong confinement regime. These results not only deepen our understanding of the fundamental physics in nanoscale SiC but will extend their wide applications in photonics, electronics/photonics integration, and life sciences. FIG. 3 . ͑Color online͒ Time-resolved photoluminescence spectra of the colloidal cubic SiC nanocrystals in water, n-heptane, and dichloromethane excited at 280 nm and monitored at 450, 420, and 410 nm, respectively. The solid lines denote triple-exponential fits with lifetimes and fractional integrated intensity ͑over entire decay time intervals͒ of ͓2.6 ͑0.34͒, 6.7 ͑0.51͒, and 28.9 ͑0.15͒ ns͔, ͓3.5 ͑0.22͒, 7.7 ͑0.62͒, and 31.8 ͑0.16͒ ns͔, and ͓2.2 ͑0.30͒, 7.3 ͑0.36͒, and 44.7 ͑0.34͒ ns͔, respectively.
